To measure the concentration of inositol 1,4,5-trisphosphate ([IP 3 ]) in small regions of single Xenopus oocytes, a biological detector cell was combined with capillary electrophoresis. This method is 10,000 times more sensitive than all existing assays enabling subcellular measurement of [IP 3 ] in Xenopus oocytes. Upon addition of lysophosphatidic acid to an oocyte, [IP 3 ] increased from 40 to 650 nM within 2 min. IP 3 concentrations as high as 1.8 M were measured after activation with lysophosphatidic acid, suggesting that the physiologic concentration of IP 3 ranges from the tens of nanomolar to a few micromolar in Xenopus oocytes. Since the IP 3 receptor in Xenopus oocytes is nearly identical to the type I receptor of mammalian cells, the range of [IP 3 ] in most mammalian cells is likely to be similar to that in the oocyte. By selecting or engineering the appropriate detector cell, this strategy should be applicable to cyclic adenosine diphosphate ribose and nicotinic acid adenine dinucleotide phosphate, and to the discovery of new Ca 2؉ -releasing second messengers.
The transduction of many hormonal and sensory stimuli is mediated by an increase in the intracellular (IP 3 ) 1 (1, 2) . This second messenger is produced by the action of phospholipase C on phosphatidylinositol 4,5-bisphosphate following the activation of G protein-and tyrosine kinase-linked receptors at the plasma membrane. IP 3 binds to and opens the IP 3 receptor/ channel on the endoplasmic reticulum (ER), releasing Ca 2ϩ into the cytosol. The interplay of [IP 3 ], the intracellular free Ca 2ϩ concentration ([Ca 2ϩ ]), and the IP 3 receptor/channel is thought to lead to the Ca 2ϩ spikes and waves observed in many cell types (1) (2) (3) (4) (5) (6) (7) (8) . The measured dissociation constant for IP 3 and the IP 3 receptor/channel ranges from Ͻ1 to ϳ100 nM depending on the receptor isotype, tissue, and experimental conditions (9 -12) . The wide range in affinities may also be due to the interconversion of the binding site between a high and low affinity state. Recently, another binding site with a dissociation constant of ϳ10 M has been reported (11) . The binding sites or states involved in physiologic Ca 2ϩ signaling are not known since the intracellular [IP 3 ] has yet to be established. In addition to regulating the opening of the IP 3 receptor/channel, [IP 3 ] also controls the route of metabolism of IP 3 , and consequently the activation of downstream signal transduction events. At low [IP 3 ] nearly all of the IP 3 can be converted to inositol 1,3,4,5-trisphosphate which binds with high affinity to several key signal transduction proteins and activates a Ras-GTPaseactivating protein, Gap1 (13) (14) (15) (16) (17) (18) (19) (20) (21) . At high [IP 3 ], conversion of IP 3 to inositol 1,4-phosphate predominates (13) (14) (15) . Determining the physiologic range of [IP 3 ] is fundamental to understanding Ca 2ϩ signaling. Despite the importance of IP 3 in Ca 2ϩ signaling, the physiologic range of [IP 3 ] in cells is not known. The dissociation constant of the IP 3 receptor suggests that [IP 3 ] in an unstimulated cell is in the picomolar range and certainly not greater than a few tens of nanomolar. However, most experimental measurements on unstimulated cells place [IP 3 ] well above its dissociation constant for the IP 3 receptor, generally in the micromolar range (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . These discrepant predictions have yet to be resolved. A similarly wide range of predicted [IP 3 ] exists for the maximal concentration attainable in cells (100 nM to 100 M) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . The purpose of this investigation was to establish the range of [IP 3 ] in a cell, the Xenopus oocyte, before and after application of a physiologic stimulus. The Xenopus oocyte was chosen because of its large size and widespread use as a model cell in Ca 2ϩ signaling.
EXPERIMENTAL PROCEDURES
Reagents-3-Methacryloxypropyltrimethoxysilane and 3-aminopropyltriethoxysilane were purchased from United Chemical Technologies (Bristol, PA). IP 3 , BAPTA, and all fluorescent reagents were obtained from Molecular Probes (Eugene, OR). IP 3 was also acquired from Alexis Corp. (San Diego, CA). Type IV collagen, bovine serum albumin, and digitonin were supplied by Sigma. All radioactive chemicals were acquired from NEN Life Science Products Inc. (Boston, MA). EGTA "puriss" grade, was obtained from Fluka (Ronkonkoma, NY). D-3-Deoxy-3-fluoro-myo-inositol 1,4,5-trisphosphate (3F-IP 3 ) was procured from Calbiochem (San Diego, CA). Lysophosphatidic acid was supplied by Avanti Polar Lipids (Alabaster, AL). All other reagents were purchased from Fisher (Los Angeles, CA).
Capillaries-The capillaries (30 -100 cm long, 360 m outer diameter) possessed a proprietary neutral coating (Supelco, Bellafonte, PA). Alternatively, bare capillaries (Polymicro Technologies, Phoenix, AZ) were coated with acrylamide (34) or aminopropyl groups (35) .
Preparation of Oocytes and Oocyte Cytoplasmic Extract-Oocytes were obtained from pigmented or albino Xenopus laevis frogs and were cultured as described previously (36) . The cytoplasmic extract was also made as described previously (15) . To prepare fluoresceinated cytosolic extract, the extract was mixed with fluorescein succinamidyl ester (100 g/ml) and incubated at room temperature for 30 min.
For experiments with extract containing added IP 3 , the cytoplasmic extract was placed on ice for at least 15 min prior to the addition of IP 3 . IP 3 was rapidly mixed with the cytoplasmic extract which was then removed from the ice. A sample of the IP 3 /extract mixture was immediately loaded into the capillary and electrophoresis initiated (see below).
Electrophoresis of Samples Contained in a Buffer Solution or a Cy-
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‡ To whom correspondence should be addressed. toplasmic Extract-Buffer solutions and cytoplasmic extracts were loaded into the capillary by gravitational fluid flow. For capillaries with a 50-m internal diameter, the loaded volume was calculated from the Hagen-Poiseulle equation (37) . For capillaries with a 20-m inner diameter, the loaded volume was calculated from the Hagen-Poiseulle equation, spontaneous fluid displacement, and Fick's Law of diffusion (37) (38) (39) (40) . Electrophoresis voltages were from Ϫ5 to Ϫ10 kV (current, 25 to 60 A) for 50-m inner diameter capillaries and Ϫ10 to Ϫ20 kV (current, 25 to 50 A) for 20-m inner diameter capillaries. The length of the capillaries was 30 to 60 cm. The inlet end of the capillary was maintained at the high negative voltage while the outlet was held at ground. Electrophoresis was performed in buffer A (135 mM KCl, 2 mM MgCl 2 , 5 mM NaCl, 2 mM ATP, 10 mM HEPES (pH 7.4), and 900 nM free Ca 2ϩ ). The free Ca 2ϩ concentration of buffer A was established by adding a mixture of 1 mM EGTA and 1 mM EGTA with 1 mM Ca 2ϩ to the buffer solution. The free Ca 2ϩ concentration was measured as described previously (15) .
Fluorescein-labeled proteins were electrophoresed and detected at the outlet of the capillary with an inverted fluorescence microscope as described previously (41) . [IP 3 ] eluting from the capillary was measured with a detector cell as described below. The detector cells did not tolerate an upward fluid flow into the capillary. To eliminate any possibility of upward fluid flow, the level of the buffer solution surrounding the capillary inlet was always placed 5 cm above the level of the buffer solution in the outlet reservoir.
Detector Cell Preparation-PC12 or BHK-21 cells (the detector cells) were cultured on a number 1 coverslip coated with collagen. The cells were loaded with mag-fura-2 (2.5 M) by incubation for 30 min at room temperature as described previously (42) . After loading, the cells were washed and permeabilized for 5 min in digitonin (20 g/ml), KCl (135 mM), MgCl 2 (2 mM), NaCl (5 mM), ATP (2 mM), HEPES (10 mM, pH 7.4), CaCl 2 (100 M). The cells were then rinsed and placed in buffer A. The dish containing the cells was mounted on the stage of an inverted fluorescence microscope (Nikon). A single detector cell was centered under the capillary, and illuminated with light centered around 380 nm (D380x filter, Chroma Technologies, Brattleboro, VT). Light from the cell was spectrally filtered (D510/40 filter, Chroma Technologies) and collected with a photomultiplier tube (43) . The current from the photomultiplier tube was processed and digitized as described previously (43) and displayed with custom software written in Viewdac (KeithleyMetrabyte, Taunton, MA).
Collection of [ 3 H]IP 3 Fractions-[
3 H]IP 3 (ϳ300 pl, 5 Ci/l) was loaded into a capillary and electrophoresed. During electrophoresis a strip of filter paper was moved at a constant velocity (1 cm/min) across the outlet end of the capillary (44) . The effluent from the capillary eluted onto the filter paper. The outlet end of the capillary was coated with conductive epoxy (Circuit Works, Santa Cruz, CA) and grounded by an attached platinum wire. After electrophoresis, the filter paper was dried and sliced at regular intervals (0.5 cm). The radioactivity of each slice was measured by liquid scintillation counting.
Electrophoresis of Cytoplasm from Intact Oocytes-The rapid sampling technique was similar to that described previously (41) . The oocyte was placed on the stage of a microscope (a Nikon Eclipse E800 or an Olympus dissecting microscope) which was used to monitor the placement of the sharpened capillary tip near the oocyte. The tip of the inlet capillary was positioned adjacent to the oocyte with a micromanipulator. During this time the oocytes were in their culture medium (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES (pH 7.6), and 2.5 mM sodium pyruvate). In some experiments, LPA (10 M) and bovine serum albumin (1% as a carrier) were added to the oocyte after the capillary tip was positioned. Approximately 2 s prior to cytoplasmic sampling, a 50-fold excess of buffer B (5 mM KCl, 2 mM MgCl 2 , 135 mM NaCl, 2 mM ATP, 10 mM HEPES (pH 7.4), and 900 nM free Ca 2ϩ ) was added to the oocyte. The free Ca 2ϩ concentration of buffer B was established by adding a mixture of 1 mM EGTA and 1 mM EGTA with 1 mM Ca 2ϩ to the buffer solution. The free Ca 2ϩ concentration was measured as described previously (15) .
The inlet capillary (3-5 cm long, 75 m inner diameter, 360 m outer diameter) with the sharpened tip was connected with a three-way connector to a computer-controlled valve and to a second capillary (30 -50 cm long, 50 m inner diameter, 360 m outer diameter). The valve was attached to a vacuum line (500 -1000 mm Hg) and used to control aspiration of cytoplasm into the tip of the capillary. The outlet end of the second capillary was positioned over the detector cell. Cytoplasm was loaded into the capillary using a computer to initiate and time the following sequence of events: (i) movement of the piezoelectric motor downward driving the sharpened capillary tip into the oocyte, (ii) opening of the vacuum valve, (iii) a 125-ms time delay during which cytoplasm (10 nl) was aspirated into the capillary, (iv) closing of the vacuum valve, (v) a 100-ms time delay required to exhaust the vacuum in the capillary, (vi) upward movement of the piezoelectric motor withdrawing the capillary tip from the oocyte, and (vii) initiation of electrophoresis. The total time required for steps i through vii was less than 250 ms. The aspirated volumes were calibrated as described previously by sampling cytoplasm from oocytes containing [␣-32 P]ATP (41) . The buffer reservoir holding the oocyte also acted as the high voltage reservoir during electrophoresis. All other electrophoretic conditions were identical to that described above for samples contained in buffer solutions and cytoplasmic extracts.
Measurement of in Oocytes-Since 3F-IP 3 and IP 3 have different affinities for the IP 3 receptor/channel, we constructed a calibration curve for 3F-IP 3 in an identical manner to that constructed for IP 3 . Varying [3F-IP 3 ] (10 nl) were electrophoresed onto a detector cell. IP 3 (5 M) was then added to the dish containing the detector cell. The ratio of the peak area of the electrophoresed 3F-IP 3 to the peak height of the 5 M IP 3 -calibration dose was plotted against the [3F-IP 3 ]. Under these conditions six times more 3F-IP 3 than IP 3 was required to release the same amount of Ca 2ϩ from the detector cell. The elution time of 3F-IP 3 was identical to that of IP 3 .
Varying [3F-IP 3 ], BAPTA (100 mM), and [␣-32 P]ATP (2 nCi) in a 50-nl volume were co-microinjected into oocytes. The oocytes were washed in buffer B and then incubated at room temperature for a minimum of 15 min to permit diffusion of the molecules throughout the oocyte. Just prior to cytoplasmic sampling, the oocytes were again washed in buffer B to remove any molecules that may have leaked from the cytoplasm during the incubation period. After cytoplasmic sampling the entire oocyte was placed in liquid scintillation fluid and the radioactivity measured. The amount of 32 P contained in the oocyte was used to estimate [3F-IP 3 ] in the oocyte. Following electrophoresis and elution of the cytoplasmic sample onto the detector cell, the cell was calibrated by addition of 5 M IP 3 to the dish containing the detector cell. To quantitate [3F-IP 3 ] in the oocyte, the ratio of the peak area of the electrophoresed sample to the peak height of the 5 M IP 3 -calibration point was compared with the 3F-IP 3 -calibration curve.
While 3F-IP 3 is not phosphorylated by the inositol 1,4,5-trisphosphate 3-kinase (IP 3 3-kinase), it is metabolized by the inositol polyphosphate 5-phosphatase (5-phosphatase) (45) . Consequently, 3F-IP 3 was degraded by the 5-phosphatase during the incubation time following its microinjection into the oocyte. When comparing the [3F-IP 3 ] measured by the detector cell to that microinjected, the activity of the 5-phosphatase was taken into account. The rate of dephosphorylation of 3F-IP 3 by the 5-phosphatase is similar to that for IP 3 (45) . Metabolism of IP 3 by the 5-phosphatase follows first-order kinetics for [IP 3 ] less than 30 M (15). The measured first-order rate constant, 6 ϫ 10 Ϫ4 s
Ϫ1
, of the 5-phosphatase for IP 3 was used to calculate the amount of 3F-IP 3 that was degraded during the time between microinjection of the 3F-IP 3 into the oocyte and cytoplasmic sampling.
RESULTS
We combined capillary electrophoresis (CE) with a permeabilized, biological, detector cell to develop a method with the sensitivity to measure [IP 3 ] in small regions of a single Xenopus oocyte. The detector-cell/CE system consisted of a fused silica capillary (20 -50 m inner diameter) with the outlet end centered 200 m above a detector cell (Fig. 1A) . A sample loaded into the capillary was separated and delivered to the detector cell by electrophoresis through the capillary. The plasma membrane of the detector cell was permeabilized with digitonin to permit eluting analyte bands including IP 3 to enter the cell. IP 3 -mediated Ca 2ϩ release from the ER was measured by following the fluorescence of a Ca 2ϩ indicator, mag-fura-2, contained in the ER of the detector cell (42) . When excited at 390 nm, mag-fura-2 undergoes an increase in its fluorescence as Ca 2ϩ decreases (46) . Therefore, the detector cell's fluorescence increased as IP 3 eluted onto the cell releasing Ca 2ϩ from the ER (Fig. 1, B and C) . The steep initial slope of the peak is due to the fast opening of the IP 3 receptor/channel and the consequent rapid release of stored Ca 2ϩ , whereas the slow falling phase is a result of the comparatively sluggish pumping of Ca 2ϩ back into the ER by the Ca 2ϩ -ATPase. The elution time of IP 3 as measured by the detector cell was identical to that of [ 3 H]IP 3 , indicating that the detector cell was responding to eluting IP 3 (Fig. 1B) . The detector cell/CE combination was capable of detecting as little as 3 ϫ 10 Ϫ16 mol of IP 3 (10 nl of 30 nM). This volume (10 nl) is 1% of that of the Xenopus oocyte (1 l) making subcellular measurement of [IP 3 ] possible in these cells.
To quantitate [IP 3 ] in a sample, a calibration curve relating the fluorescence of the detector cell to [IP 3 ] was constructed. After electrophoresis of varying [IP 3 ] onto the detector cell, IP 3 (5 M) was added to the detector cell dish (Fig. 2A) . The calibrated response of the detector cell was defined as the ratio of the peak area of the electrophoresed IP 3 to the peak height of the 5 M calibration dose. The calibrated response of the detector cell depended on the concentration of the electrophoresed IP 3 (Fig. 2B) . [IP 3 ] can then be quantitated in any sample by comparing the detector cell's calibrated response to the calibration curve. Previous combinations of a detector cell with CE yielded only qualitative measurements (43) . This was due primarily to the variable response of the detector cells. By comparing the analyte peak to the maximal cellular response (in this case elicited by 5 M IP 3 ), an internal calibration is performed for each detector cell. Cell-to-cell differences in receptor number, Ca 2ϩ storage properties, and other aspects are eliminated. Consequently, quantitative measurements can be performed when CE is combined with detector cells.
To determine whether the presence of concentrated cytosolic
FIG. 1. Detection of IP 3 by electrophoresis onto a detector cell.
A, schematic of the detector cell/CE system. Analytes were separated by electrophoresis through a capillary and the effluent from the capillary was directed onto a single detector cell. The ER, a Ca 2ϩ -storage organelle in the detector cell, contained mag-fura-2, a Ca 2ϩ -sensitive fluorophore. IP 3 eluting onto the detector cell opened the IP 3 receptor/ channel discharging Ca 2ϩ from the ER and increasing the fluorescence of the mag-fura-2. B, measurement of the elution time of IP 3 by a detector cell (line graph) and by radioactivity (bar graph). [ 3 H]IP 3 (100 pl of 1 mM) was loaded into a capillary, and electrophoresed (15 kV) onto a PC12 detector cell or onto a moving strip of filter paper. The filter paper was sliced at regular intervals and the radioactivity counted. The capillaries (20 m inner diameter, 30 cm long) were coated with aminopropyl silane to minimize electroosmotic flow. C, detection of nanomolar concentrations of IP 3 . At the time marked by the first arrow, IP 3 (10 nl of 100 nM) was loaded into a capillary and electrophoresis (7 kV) was initiated. The detector was a BHK-21 fibroblast cell. At the time marked by the second arrow, the electrophoresis was stopped, IP 3 (10 nl of 2.5 M) was again loaded into the capillary and electrophoresis was resumed. The same detector cell was used for both measurements. The capillary (50 m inner diameter, 50 cm long) possessed a neutral coating on its inner surface (Supelco). A downward sloping baseline was subtracted from the trace in C only. proteins altered the reliability of the detector cell/CE combination, IP 3 was premixed at varying concentrations with a concentrated extract of Xenopus oocytes. The kinetics and route of degradation of IP 3 in this extract are similar to that in intact oocytes (15) . To slow the degradation of IP 3 , the extract was cooled to 4°C. The migration time of IP 3 mixed with the extract was identical to that contained in the buffer solution. When the cytoplasmic extract without added IP 3 was electrophoresed onto a detector cell, no peaks were present. When IP 3 was premixed with the cytoplasmic extract the calibrated response of the detector cell was identical to that for IP 3 in a buffer solution (data not shown). During these experiments, both the capillary and the electrophoresis buffer were at room temperature (ϳ22°C), thus quickly warming the IP 3 -containing extract upon entry into the capillary. At 22°C the half-life of IP 3 (100 nM) in the cytoplasmic extracts and intact oocytes is ϳ1 min (15) . However, in these experiments, no decrease in [IP 3 ] was observed suggesting that the IP 3 -degrading enzymes were rapidly separated from IP 3 after the onset of electrophoresis. Proteins, such as the IP 3 3-kinase and the 5-phosphatase which metabolize IP 3 , have a very low charge to molecular weight ratio compared with IP 3 , and consequently a much smaller electrophoretic mobility than IP 3 . To estimate the time required to separate IP 3 from cytosolic proteins after the onset of electrophoresis, proteins in the cytosolic extract were labeled with fluorescein, electrophoresed, and detected as they eluted from the capillary. Under identical electrophoretic conditions in a 50-cm long capillary, the average elution time of IP 3 was 10 min compared to an average of 50 min for the cytosolic proteins. From the length of the 10-nl sample plug (in a 50-m inner diameter capillary), the velocity of IP 3 , and the average protein velocity in the capillary, IP 3 was calculated to separate from the cytosolic proteins ϳ4 s after the onset of electrophoresis. In 4 s at most ϳ3% of the IP 3 can be degraded (15) .
We combined a rapid cytoplasmic-sampling technique with the detector cell/CE system to measure [IP 3 ] in small regions of a single Xenopus oocyte (Fig. 3A) . The rapid sampling technique utilizes a piezoelectric motor to control movement of an etched capillary tip into and out of an oocyte while a vacuum line spliced into the capillary aspirates cytoplasm (41) . The withdrawal of 10 nl of cytoplasm and the initiation of electrophoresis in the capillary was accomplished in less than 250 ms with this technique. With the combined rapid-sampling/biological detector cell/CE system (RABID CE), cytoplasm from an oocyte was loaded into the capillary, the cytoplasmic components were separated by electrophoresis, and the component bands were eluted onto the detector cell. With this rapid sampling device, a short capillary tip with a 75-m inner diameter was attached to a capillary with a 50-m inner diameter. For a 10-nl volume the wider tip creates a cytoplasmic plug that is ϳ2.2 times shorter than that in the 50-m inner diameter capillary; therefore, we expect that the amount of IP 3 degraded after the onset of electrophoresis is also decreased by ϳ2.2. We estimate that at most 2% of the IP 3 was degraded when cytoplasm was obtained from oocytes.
To verify that [IP 3 ] in oocytes was accurately measured, a Ca 2ϩ -releasing analog of IP 3 , 3F-IP 3 , which is not metabolized by the IP 3 3-kinase was microinjected into oocytes at varying concentrations (45) . IP 3 itself could not be utilized for these control studies since IP 3 would be completely degraded during the time required for it to diffuse throughout the oocyte. BAPTA (100 mM) was coinjected with the 3F-IP 3 to buffer released Ca 2ϩ and minimize production of endogenous IP 3 by Ca 2ϩ -activated phospholipase C (47-49). The concentration of 3F-IP 3 ([3F-IP 3 ]) measured by the detector cell was similar to that calculated from the quantity microinjected into the oocytes and the rate of metabolism by the 5-phosphatase (Fig. 3B) .
To determine basal [IP 3 ], RABID CE was used to measure [IP 3 ] in small regions of single oocytes which had received no exogenous stimuli. In these unstimulated oocytes [IP 3 ] was 40 Ϯ 10 nM (n ϭ 4). The basal [IP 3 ] in oocytes was also estimated from the variability in the sensitivity of the detector cells to IP 3 . The percentage of detector cells able to respond to the [IP 3 ] in an unstimulated oocyte was compared with the percentage of detector cells capable of responding to various standards of IP 3 . Every detector cell could sense 500 nM IP 3 when a 10-nl volume was loaded into the capillary and electrophoresed onto the detector cell. However, only 75, 50, and 12% of the detector cells could respond to the same volume of 100, 60, and 30 nM IP 3 , respectively. For comparison, 16% of the detector cells were competent to respond to the amount of IP 3 contained in the cytoplasm from an unstimulated oocyte. The measured basal concentration of 40 nM is consistent with the percentage of responding detector cells.
To determine [IP 3 ] after a physiologic stimuli, RABID CE was used to measure [IP 3 ] in small regions of single oocytes at varying times after addition of 10 M LPA (Fig. 3, C and D) . LPA increases [IP 3 ] by activating a G protein-coupled receptor and a concentration of 10 M maximally stimulates oocytes (50 -52) . The highest [IP 3 ] measured was 1.8 M, 2 min after addition of LPA (Fig. 3D) . The variability in the plot of [IP 3 ] versus time is most likely due to differences in the individual oocyte's ability to respond to LPA since the latency time between addition of LPA and an initial increase in [Ca 2ϩ ] varies from ϳ30 s to Ͼ3 min (with a mode of ϳ1 min). 2 Under these conditions, the physiologic range of [IP 3 ] was from 40 nM to ϳ2 M. RABID CE performs quantitative subcellular measurements of IP 3 in oocytes on physiologically relevant time scales. The temporal resolution of the technique is defined as the sum of the time to obtain the cytoplasmic sample and initiate electrophoresis (ϳ225 ms), and the time to terminate the cytosolic reactions with IP 3 after the onset of electrophoresis (ϳ1.8 s in the 75-m inner diameter capillary). Therefore the estimated temporal resolution of the technique for the measurement of [IP 3 ] was ϳ2 s, a time span in which very little IP 3 is degraded in the oocyte. The spatial resolution of the technique was estimated from the diameter of a sphere with a volume equivalent to that of the sampled cytoplasm (10 nl) (41) . The calculated spatial resolution was 260 m. For comparison, the circumference of the Xenopus oocyte is 3 mm. The current measurements are subcellular; therefore, it may be possible to identify spatial gradients in [IP 3 ] in oocytes, eggs, and embryos of X. laevis. By optimizing the sensitivity of the detector cell, for example, by overexpressing the IP 3 receptor or converting it to the highest affinity state, it should be possible to enhance further the spatial resolution (and the detection limits).
Two different dissociation constants (5 and 46 nM) have been reported for the IP 3 receptor in Xenopus oocytes (10, 12) . The measured 40 nM basal concentration of IP 3 suggests that in unstimulated oocytes the affinity of the receptor is closer to the higher of the two reported values. IP 3 -binding sites with dissociation constants much lower than 40 nM will be largely occupied by IP 3 in the unstimulated oocyte and unable to participate in Ca 2ϩ signal transduction. Since the highest IP 3 concentration measured was 1.8 M, it is unlikely that the 10 M affinity site was used for Ca 2ϩ signaling under these conditions. The IP 3 receptor in Xenopus oocytes is nearly identical to the type I receptor of mammalian cells, suggesting that [IP 3 ] in many mammalian cells will be similar to that in the oocyte.
The dectector cell/CE paradigm is compatible with other single cell measurement techniques and can be generalized to other second messengers. Since the oocyte is visualized with a microscope, measurement of [Ca 2ϩ ] or other cellular properties can be performed in tandem with measurement of [IP 3 ]. Simultaneous measurement of [Ca 2ϩ ] and [IP 3 ] will permit a more detailed understanding of the relationship of these two important second messengers. Additionally by selecting or engineering the appropriate detector cell, this technique should be applicable to other Ca 2ϩ -releasing second messengers such as cyclic adenosine diphosphate ribose and nicotinic acid adenine dinucleotide phosphate, and to the discovery of new messengers. By microinjecting the appropriate mRNA into the Xenopus oocyte, the coupling of nearly any receptor to Ca 2ϩ -releasing cascades can be elucidated. 
